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The host range of individual geminiviruses may be quite narrow, and closely related viruses can exhibit distinct host
adaptations. Two such bipartite geminiviruses are bean golden mosaic virus (BGMV) and tomato golden mosaic virus
(TGMV). In both, the BL1 and BR1 genes are required for the spread of virus infection in plants. We have investigated the
contributions of BL1 and BR1 to host-specific phenotypes of BGMV and TGMV by constructing hybrid viruses in which
these coding regions were exchanged. Hybrids were assayed on bean, a good host for BGMV, and Nicotiana benthamiana,
a good host for TGMV. A BGMV hybrid having TGMV BL1 and BR1 efficiently infected beans, but elicited attenuated
symptoms. In N. benthamiana, this hybrid had slightly increased virulence and DNA accumulation relative to wild-type BGMV.
A TGMV hybrid having BGMV BL1 and BR1 was virulent in N. benthamiana, but elicited attenuated symptoms. However,
this hybrid exhibited no gain of function in beans relative to wild-type TGMV. Hybrid viruses with TGMV BL1 and BGMV
BR1 had severely defective phenotypes in either viral or host background. Although exchanging BL1 and BR1 between
BGMV and TGMV did not change host range, some host adaptation of these genes is suggested. However, virus-specific
compatibility between BL1 and BR1 is of more importance for viability. Thus, these gene products may act in concert to
potentiate virus movement. q 1995 Academic Press, Inc.
INTRODUCTION Important geminiviruses found in tropical and subtropi-
cal regions are naturally transmitted by the whitefly Be-
Members of the Geminiviridae collectively infect a misia tabaci and typically have genomes composed of
wide range of plant species throughout the world. These two DNA segments. New World viruses of this type, such
viruses are characterized by their unique, twinned icosa- as tomato golden mosaic virus (TGMV) and bean golden
hedral particles, which encapsidate a circular single- mosaic virus (BGMV), have six conserved, homologous
stranded (ss) DNA genome. At least three distinct gemi- genes arranged in a similar fashion on two ca. 2.6-kb DNA
nivirus subgroups can be distinguished on the basis of components, which are designated A and B. The genes
their biological and genetic properties (Murphy et al., on DNA A are involved in viral DNA replication (AL1, AL3),
1995; reviewed by Stanley, 1991; Lazarowitz, 1992). encapsidation (AR1), and the control of viral gene expres-
Within each subgroup, the viruses are genetically very sion (AL2). Both genes on DNA B, BL1 and BR1, provide
similar, and yet they often have distinctive host ranges, functions which are required for virus movement within
which may also be quite restricted. The geminiviral ge- infected plants (Brough et al., 1988). Studies of bean dwarf
netic factors which contribute to host range limitation mosaic virus and squash leaf curl virus (SqLCV) have
have been explored in only a few studies. For example, suggested that BR1 plays a role in intracellular trafficking
site-directed mutagenesis has been used to confer an of viral DNA between the nucleus and the cytoplasm,
extended host range on a naturally occurring narrow host whereas BL1 potentiates the movement of DNA between
range isolate of maize streak virus (Boulton et al., 1991). cells (Noueiry et al., 1994; Pascal et al., 1994). In another
Mutational analyses of other geminiviruses have re- study, recombinant African cassava mosaic virus (ACMV)
vealed important host-adapted regions of the genome A components expressing TGMV BL1 or BR1 were shown
primarily through loss of function phenotypes, such as to complement each other for cell-to-cell movement, but
restriction of the normal host range. Such results must they were unable to complement similar constructs ex-
be interpreted with caution, since loss of function pheno- pressing either of the homologous ACMV genes, BC1 and
types might result from an overall reduction in viral fit- BV1 (von Arnim and Stanley, 1992). The requirement for
ness, rather than disruption of a specific virus–host inter- compatibility between the DNA B-encoded proteins sug-
action. gested that they act together to potentiate cell-to-cell
movement. This possibility is also consistent with the abil-
ity of SqLCV BL1 to alter the intracellular localization of1 Present address: Department of Forestry, North Carolina State Uni-
BR1 when the two proteins are coexpressed in tobaccoversity, Raleigh, NC 27695-8008.
protoplasts (Sanderfoot and Lazarowitz, 1995). However,2 To whom correspondence and reprint requests should be ad-
dressed. not all reported data support this simple model. The phe-
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notypes of ACMV DNA B mutants in planta suggest that ends of BR1, respectively, and made a C7 r N mutation in
BL1. To facilitate mutagenesis, we used pTG1.4BR, whichalthough BV1 is required for cell-to-cell movement, BC1
is only required for systemic viral movement (von Arnim has the same TGMV sequences as pTG1.4B, but pro-
duces TGMV (0)-sense ssDNA upon helper bacterio-et al., 1993). Because expression of BV1 is insufficient for
the autonomous cell-to-cell movement of a recombinant phage infection. The polylinker XbaI site was removed
from pTG1.4BR by digestion with XbaI and HindIII andACMV A component (von Arnim and Stanley, 1992), viral
factors in addition to BV1 may contribute to the cell-to- ligation of the filled-in cohesive ends. Unique SnaBI and
XbaI sites were then introduced at the 5*- and 3*-endscell movement reported for bc1 mutants of this Old World
geminivirus. of BR1, respectively, to create pTG1.4BXSR. Because the
tandemly repeated TGMV sequences in pTG1.4BXSR in-Investigations of bipartite geminivirus–host interac-
tions have shown that the BL1 and BR1 proteins can clude the 5*-proximal region of BL1, an analogous plas-
mid, pTG1.3BXSR, which lacks the partial copy of BL1,influence viral host range. Unlike wild-type SqLCV, sev-
eral mutants with amino acid substitutions in either BL1 was also constructed (Schaffer, 1992). The BL1 C7 r N
substitution was made in pTG1.3BXSR, to createor BR1 were unable to infect Nicotiana benthamiana,
although they retained infectivity for cucurbits (Ingham pTGBL1N.
Plasmids containing mutant B components wereand Lazarowitz, 1993; Ingham et al., 1995). A similar
ACMV BC1 mutant, which had lost the ability to infect N. tested for biological activity by inoculation of host plants
together with the appropriate wild-type A componenttabacum, but retained infectivity for N. benthamiana and
N. clevelandii, has also been reported (Haley et al., 1995). plasmid. None of the DNA B mutants was distinguishable
from wild type. They were then used for the constructionThese results imply that wild-type DNA B genes may play
a role in geminivirus host range determination. In other of plasmids containing hybrid DNAs (Fig. 1) as partial
tandem dimers. A BGMV hybrid containing TGMV BR1plant viral systems, hybrid viruses have proven useful for
evaluating the contributions of movement proteins to host (BT-R, for BGMV with TGMV BR1) was constructed by
replacing the BR1-containing fragment of pGA1.2BXSRrange (Nejidat et al., 1991; Qiu and Schoelz, 1992; Mise
et al., 1993) and for demonstrating functional homology with the equivalent fragment of pTG1.4BXSR. The re-
sulting plasmid, pGTR, contains a partial tandem dimerin common hosts (De Jong and Ahlquist, 1992; Giesman-
Cookmeyer et al., 1995). We have used this approach to of BT-R DNA B. The BGMV hybrids containing either
TGMV BL1 (BT-L, plasmid pGTL3) or both TGMV ORFsinvestigate the virus- and host-specific adaptations of
DNA B-encoded proteins from the closely related New (BT-LR, plasmid pGTLR2) were constructed by exchang-
ing regions of pGABL1C with the equivalent regions ofWorld geminiviruses TGMV and BGMV.
pTGBL1N. A TGMV hybrid containing BGMV BR1 (TB-R,
plasmid pTBR) was constructed by replacing the BR1-MATERIALS AND METHODS
containing fragment of pTG1.4BXSR with the equivalent
Virus strains and cloning
fragment from pGA1.2BXSR. The TGMV hybrids con-
taining either BGMV BL1 (TB-L, plasmid pTBL3) or bothPlasmids containing partial tandem dimers of the A
and B components of TGMV (pTG1.3A and pTG1.4B), and BGMV ORFs (TB-LR, plasmid pTBLR2) were constructed
by replacing regions of pTGBL1N with the equivalenta Guatemalan isolate of BGMV (pGA1.2A and pGA1.2B),
have been described previously (Schaffer, 1992; Fontes regions from pGABL1C.
Frameshift mutations were introduced into the BL1 oret al., 1994). To construct plasmids containing hybrid
DNA B components, site-directed mutagenesis (Kunkel, BR1 ORFs of BGMV and TGMV by ligating the filled-in
cohesive ends of restriction sites (Sambrook et al., 1989).1985; Petty et al., 1989) was used to introduce common
restriction sites flanking the BR1 open reading frame After partial digestion of pGA1.2B with NcoI, frameshift
mutations were recovered in either BL1 (pGA1.2BLfs) or(ORF) (see Fig. 1). Unique SnaBI and XbaI sites were
engineered adjacent to the 5*- and 3*-ends, respectively, BR1 (pGA1.2BRfs). The equivalent TGMV mutants were
constructed by digestion of pTG1.4B with NcoI (BL1,of BR1 in pGA1.2B, to create pGA1.2BXSR. A naturally
occurring, conserved NsiI site was used for exchange of pTG1.4BLfs) or NarI (BR1, pTG1.4BRfs).
the BL1 ORFs. This site is located slightly inside the ORF,
and the encoded amino acid sequences of TGMV and Inoculation and sampling of plants
BGMV BL1 differ at one position upstream (residue 7 is
Asn in BGMV, and Cys in TGMV). So that BL1 hybrids Plants used were N. benthamiana, to which TGMV is
well adapted, and bean (Phaseolus vulgaris) variety Topconstructed using the NsiI site would encode a com-
pletely wild-type protein, a BL1 N7 r C mutation was Crop, to which BGMV is well adapted. Plants were inocu-
lated by microprojectile bombardment. Plasmid DNAs (5introduced into pGA1.2BXSR, and the resulting plasmid
was designated pGABL1C. mg of each) were mixed with 20 mg of gold particles (Bio-
Rad) in water. The DNA was precipitated by the additionThe rationale for engineering TGMV DNA B was simi-
lar. We introduced SnaBI and XbaI sites at the 5*- and 3*- of 20 ml of 2.5 M CaCl2 and 8 ml of 100 mM spermidine.
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Inoculated plants were sampled between 10 and 21
days post inoculation (dpi). Total nucleic acids were ex-
tracted by a modification of Carrington and Morris (1984).
Tissue samples of 0.3 g from bean leaves or uninocu-
lated N. benthamiana leaves or up to 1 g from inoculated
N. benthamiana leaves were ground with 1 ml of extrac-
tion buffer (0.1 M Tris–HCl, pH 8, 0.2 M NaCl, 2 mM
EDTA, 1% SDS, 1% 2-mercaptoethanol) plus 1 ml of phe-
nol:chloroform (1:1). After centrifugation, the aqueous
phase was recovered and extracted twice more with phe-
nol:chloroform. Nucleic acids were precipitated with eth-
anol and sodium acetate. The nucleic acids were recov-
ered by centrifugation, resuspended in TE (10 mM Tris–
HCl, pH 8, 1 mM EDTA), and their concentration was
estimated by spectrophotometry.
Electrophoresis and Southern blotting
Nucleic acid samples (2.5–10 mg) were mixed with 1
mg of RNase A and incubated at room temperature for
20 min prior to electrophoresis in 1% agarose gels in
TBE buffer (89 mM Tris base, 89 mM boric acid, 2 mM
EDTA) containing ca. 0.2 mg/ml ethidium bromide. The
gels were treated with 0.25 M HCl, denatured, and neu-
tralized by standard protocols (Sambrook et al., 1989).
After capillary transfer to nylon membranes (Nytran,
Schleicher and Schuell) using 21 SSPE buffer (SSPE: 10
mM sodium phosphate, pH 7.4, 149 mM NaCl, 1 mM
EDTA), the DNA was fixed by UV cross-linking.
Radioactively labeled DNA probes were made from
genome component-specific restriction fragments (Petty
et al., 1995) by random primed DNA synthesis in the
presence of [a-32P]dCTP using a Prime-It II kit (Stra-
FIG. 1. Genetic organization of wild-type and hybrid DNA B compo- tagene). Southern blots were hybridized to 32P-labeled
nents. Arrows indicate the BL1 and BR1 ORFs, and lines represent probes in 21 SSPE, 1% SDS, at 657 overnight. Blots were
noncoding regions. Sequences derived from BGMV are shown as
washed in 0.11 SSPE, 1% SDS, twice at room tempera-dashed lines and open arrows, and those derived from TGMV are
ture for 5 min each and twice at 657 for 30 min each.shown as solid lines and shaded arrows. The positions of naturally
occurring NsiI sites are indicated. Those close to the 5*-end of the BL1 Prior to sequential hybridizations, probes were removed
ORF were used for cloning. The parenthetical SnaBI and XbaI sites by boiling the blots in 0.11 SSPE, 1% SDS, for 30 min.
were introduced into wild-type B components by site-directed mutagen-
esis. Hybrid DNA B components constructed from these restriction site
RESULTS AND DISCUSSIONmutants were named according to the parental recipient virus, donor
virus, and the exchanged ORF(s). For example, BT-L represents a
We have shown previously that the bipartite geminivi-BGMV-based hybrid with the TGMV BL1 ORF.
ruses TGMV and BGMV exhibit distinctive adaptations
to their hosts N. benthamiana and common bean (Petty
et al., 1995). In this investigation, we have directly testedFollowing dehydration by three sequential ethanol
washes, the DNA-coated gold particles were spread onto the contributions made by the DNA B ORFs to host-spe-
cific phenotypes of TGMV and BGMV. Recombinant, hy-two macrocarrier discs (Bio-Rad). Inoculations were per-
formed with a PDS-1000, gas-powered accelerator (Du- brid DNA B components containing one or both of the
ORFs from the heterologous virus were constructed andPont) at 1550 psi. Five-week-old N. benthamiana seed-
lings were each bombarded with one macrocarrier. assayed for their ability to infect beans and N. benthami-
ana. The BL1 and BR1 ORFs were exchanged either sep-Beans were allowed to germinate until the emerging radi-
cles were 1–3 cm long, and then groups of four to six arately or together to create six hybrid DNA components
based on the genome of either BGMV or TGMV (Fig. 1).were bombarded twice and transferred to soil. After inoc-
ulation, plants were maintained in limited-access growth Each hybrid DNA B retained the complete large in-
tergenic region from the parental genome, which con-chambers with a 16-hr light cycle at 267 in the light and
247 in the dark. tains cis-acting signals that are required for both DNA
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TABLE 1
Infectivity of Viruses with Wild-Type or Hybrid B Components on Bean Variety Top Crop
Inoculuma Infectivityc
ORFsb Symptoms
Infected/ %
Virus BL1 BR1 inoculated infected Primary leaves Secondary leaves
BGMV B B 15/15 (§)c 100 Vein clearing and uniform Brilliant golden mosaic, severe
interveinal bright yellow distortion, stunting
chlorosis
BT-L T B 0/20 (∗) — N.A.d N.A.
BT-R B T 12/15 (§) 80.0 Vein clearing and uniform Green mosaic, distortion
interveinal yellow chlorosis
BT-LR T T 14/15 (§) 93.3 Erratic vein clearing Blotchy green mosaic, distortion
TGMV T T 3/11 (†‡) 27.3 Few, small yellow spots, slight Yellow–green mosaic, distortion,
erratic vein clearing stunting
TB-R T B 0/20 (∗) — N.A. N.A.
TB-L B T 9/21 (‡) 42.9 Yellow spots, slight erratic vein Mild yellow flecking, yellow–green
clearing mosaic, distortion
TB-LR B B 2/21 (*†) 9.5 Few, small yellow spots Mild yellow flecking
a Inoculum was a mixture of plasmids (5 mg each) containing viral genome components. TGMV DNA B and all hybrids made in this background
were co-inoculated with TGMV DNA A, and BGMV DNA B and all hybrids made in this background were co-inoculated with BGMV DNA A.
b Open reading frames (ORFs) present in the indicated virus were from TGMV (T) or BGMV (B). Data presented for TGMV are from inoculations with
pTG1.3BXSR, which contains artificially engineered XbaI and SnaBI restriction sites flanking the BR1 ORF. This plasmid was the progenitor of the
TGMV-based hybrids TB-L and TB-LR.
c Infectivity is given as number of plants showing symptoms/number of plants inoculated and as percentage infected. Symbols in parentheses indicate
infectivities which were not significantly different (P  0.05 by two-tailed Fisher’s exact test).
d N.A., not applicable.
replication and gene expression. Because the binding tious to beans (data not shown). The specific infectivities
of BGMV-based hybrids BT-R and BT-LR were signifi-sites recognized by the AL1 protein are virus specific,
cantly higher than those of any TGMV-based hybrid (Pthe A components of TGMV and BGMV cannot replicate
 0.05 by Fisher’s exact test) and not significantly differ-the B component of the heterologous virus (Fontes et al.,
ent from one another or from wild-type BGMV. Thus, the1994). Thus, DNA B hybrids based on the genome of
specific infectivity of BGMV was not significantly reducedTGMV were always inoculated with the TGMV A compo-
by substitution of the BL1 and BR1 ORFs with those fromnent, and BGMV-based hybrids were inoculated with the
TGMV.BGMV A component.
Although the specific infectivities of BGMV-based DNA
B hybrids did not differ from wild-type BGMV, the symp-Bean-specific adaptation defects of TGMV are not
toms they elicited were different. Instead of the brilliantprimarily determined by B component proteins
golden mosaic typical of wild-type BGMV, the BT-R and
Previous studies have established that TGMV exhibits BT-LR hybrids produced green mosaic on bean second-
a number of host-specific defects in comparison to ary leaves, and infected plants were not as stunted. Hy-
BGMV when inoculated into bean radicles by micropro- brids with either TGMV BR1 or both TGMV ORFs had
jectile bombardment (Petty et al., 1995). The specific in- this phenotype, which suggests that the BR1 protein can
fectivity of TGMV to beans is low, the virus cannot effi- influence BGMV pathogenicity, either directly or indi-
ciently invade the primary leaves, and the symptoms on rectly. In contrast, Ingham et al. (1995) concluded that
secondary leaves are mild compared to those induced BL1, but not BR1, contributed to the pathogenicity of
by BGMV. To determine whether the BL1 or BR1 proteins SqLCV. Although the symptoms induced on bean sec-
contributed to these phenotypes, we inoculated bean ondary leaves by each hybrid virus were similar, those
radicles with plasmids containing each of the six hybrid induced on primary leaves were clearly distinguishable
B components. The results of these experiments are (Fig. 2). The BGMV-based hybrid with only the TGMV
summarized in Table 1. Hybrid viruses with the combina- BR1 ORF (BT-R) produced a uniform interveinal chlorosis,
tion of TGMV BL1 and BGMV BR1 in either viral back- similar in pattern to that caused by wild-type BGMV,
ground (BT-L and TB-R) were noninfectious. Southern whereas the hybrid with both ORFs from TGMV (BT-LR)
hybridization analysis with virus-specific BL1 and BR1 had a striking, vein-clearing phenotype. This difference in
symptomatology suggested that BT-LR, the BGMV hybridprobes confirmed that the remaining hybrids were infec-
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FIG. 2. Symptoms elicited on bean primary leaves by viruses with wild-type or hybrid B components. Primary leaves of bean variety Top Crop
are shown 15–16 days after inoculation of the radicle with plasmids containing wild-type TGMV or BGMV DNA B, or BGMV-based DNA B hybrids
BT-R and BT-LR. Each DNA B-containing plasmid was inoculated together with the appropriate A component plasmid.
with both TGMV ORFs, might invade bean primary leaves than that of BGMV or the viable BGMV-based DNA B
hybrids (data not shown). Symptoms on secondaryless efficiently than the BR1 hybrid, BT-R, or the wild-
type virus. However, Southern hybridization analysis did leaves consisted of mild yellow–green mosaics and yel-
low flecking accompanied by slight leaf distortion (Tablenot reveal differences in viral DNA accumulation in symp-
tomatic tissue (data not shown), which suggests that, at 1). These data show that substitution of both BGMV ORFs
into TGMV did not result in a gain of function in beansa gross level at least, primary leaf invasion is unaffected.
In comparison, the phenotype of wild-type TGMV is se- with respect to any of the phenotypes examined,
whereas substitution of BGMV BL1 alone into TGMV wasverely defective. Thus, the loss of function exhibited by
BGMV DNA B hybrids with either TGMV BR1 or both correlated with a slight increase in specific infectivity.
TGMV ORFs was slight. This indicates that the se-
quences of the TGMV DNA B-encoded proteins do not Adaptation defects exhibited by BGMV in Nicotiana
primarily account for the poor adaptation of TGMV to benthamiana are also not primarily determined by B
beans, although they may contribute to the different component proteins
symptoms produced by BGMV and TGMV.
To extend these findings, we also evaluated the ability We have previously shown that BGMV can efficiently
establish asymptomatic infections in N. benthamianaof TGMV-based DNA B hybrids containing BGMV ORFs
to infect beans after microprojectile bombardment of rad- (Petty et al., 1995). These infections are characterized
by levels of BGMV DNA accumulation in systemicallyicles (Table 1). Although a TGMV hybrid containing the
BGMV BL1 ORF (TB-L) had slightly higher infectivity than infected leaves that are ca. 25-fold lower than those
achieved by TGMV, which is well adapted to this hostthe cloned TGMV DNA B from which it was derived (plas-
mid pTG1.3BXSR), the difference was not statistically sig- and extremely virulent. In addition, the accumulation of
BGMV ssDNA is low relative to that of viral double-nificant (P  0.465 by two-tailed Fisher’s exact test). As
indicated above, in these experiments the specific infec- stranded (ds) DNA in inoculated N. benthamiana leaves.
A larger proportion of the viral DNA is present in a single-tivities of all TGMV-based hybrids were significantly less
than those of either wild-type BGMV or the viable BGMV- stranded form in leaves systemically infected by BGMV,
or in leaves inoculated or systemically infected withbased DNA B hybrids. Surprisingly, the TGMV hybrid with
the combination of BGMV BL1 and TGMV BR1 (TB-L) had TGMV (Petty et al., 1995). To determine whether the BL1
or BR1 proteins contributed to these phenotypes, N. ben-significantly greater infectivity to beans than TB-LR, the
TGMV hybrid containing both BGMV ORFs (Table 1). This thamiana plants were inoculated by microprojectile bom-
bardment with plasmids containing each of the hybridobservation suggests that a virus-specific adaptation of
TGMV BR1 might be important for infectivity to beans. DNA B components.
The TGMV-based hybrids with either BGMV BL1 (TB-The symptoms elicited on both primary and secondary
leaves by TGMV-based DNA B hybrids were qualitatively L) or both BGMV ORFs (TB-LR) were each infectious and
virulent to N. benthamiana, although the symptoms theysimilar to those caused by wild-type TGMV infection (Fig.
2). When symptoms developed on primary leaves, they produced were considerably milder than those of wild-
type TGMV. Viral DNA accumulation by the TB-L and TB-consisted of discrete yellow spots, which in the case of
the parental TGMV mutant with engineered restriction LR hybrids was less than that of TGMV. In addition, the
levels of DNA B were reduced more than the levels ofsites (pTG1.3BXSR) and the TB-L hybrid were sometimes
accompanied by regions of localized vein clearing. DNA A, relative to the accumulation of DNAs B and A,
respectively, by wild-type TGMV (Fig. 3). Because gemi-Southern hybridization analysis suggested that the num-
ber of yellow spots was correlated with the level of viral nivirus genome components are thought to move inde-
pendently through the plant, inefficient movement mayDNA accumulation, which in all cases was much less
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correlated with an increased level of BT-LR DNA accumu-
lation compared with the level achieved by wild-type
BGMV B (5/5 symptomatic BT-LR-infected plants ana-
lyzed) (Fig. 4, and data not shown). Although the level of
BT-LR DNA accumulation was higher in inoculated
leaves, it nevertheless exhibited the low ratio of ss:ds
DNA forms typical of BGMV. Interestingly, the difference
in the level of DNA accumulation between BT-LR and
wild-type BGMV was reduced (3/6 plants analyzed), or
inapparent (3/6 plants analyzed), in systemically infected
leaves (Fig. 4, and data not shown). The gain-of-function
phenotypes exhibited by BT-LR in inoculated leaves sug-
gest that the TGMV BL1 and BR1 proteins potentiate cell-
to-cell movement better in N. benthamiana than their
BGMV homologues. However, because BT-LR virulence
and DNA accumulation in N. benthamiana are only
slightly enhanced in comparison to wild-type BGMV, and
the effects are reduced or inapparent in systemically in-
fected leaves, factors in addition to the DNA B-encoded
FIG. 3. Viral DNA accumulation by TGMV-based DNA B hybrids in proteins must contribute to the adaptation of TGMV to
Nicotiana benthamiana. Total nucleic acids were extracted at 14 dpi this host.
from pairs of plants which had been inoculated with plasmids con-
taining TGMV-based DNA B hybrids TB-R, TB-L, and TB-LR, or wild-
type TGMV B, together with a plasmid containing wild-type TGMV A.
Aliquots of total nucleic acids from inoculated (inoc.) leaves (5 mg for
hybrids, 2.5 mg for TGMV), or systemically infected (sys.) leaves (10 mg
for hybrids, 2.5 mg for TGMV), or their equivalent, were resolved by
agarose gel electrophoresis and Southern blotting. The blots were
hybridized sequentially to probes specific for either the TGMV A (left)
or B (right) components. The B component-specific probe hybridizes
equally to TGMV B and all of the TGMV-based DNA B hybrids, but
does not hybridize to TGMV A. The positions of viral open–circular
(oc) and supercoiled (sc) dsDNA forms and ssDNA (ss) are indicated.
The brackets indicate the positions of subgenomic (sg) defective DNA
forms, which are derived predominantly from DNA B (MacDowell et
al., 1986). Comparisons can be drawn between hybrids and wild-type
controls within each panel, but the panels cannot be compared directly
because the probe specific activities and/or exposure times differ.
result in some cells receiving only one of them. Under
these conditions, autonomous replication of DNA A will
contribute to its accumulation in infected tissues,
whereas DNA B will only accumulate in cells that also
contain DNA A (Frischmuth and Stanley, 1991). Thus,
FIG. 4. Viral DNA accumulation by BGMV-based DNA B hybrids inour observations are consistent with the BGMV DNA B-
N. benthamiana. Total nucleic acids were extracted at 14 dpi from pairsencoded proteins being less well adapted to N. ben-
of plants which had been inoculated with plasmids containing BGMV-
thamiana than their TGMV counterparts, although the based DNA B hybrids BT-L, BT-R, and BT-LR, or wild-type BGMV B,
loss of function phenotypes could also result from defec- together with a plasmid containing wild-type BGMV A. Aliquots of total
nucleic acids, 5 mg from inoculated (inoc.) leaves, or 10 mg from system-tive virus-specific interactions. In any case, the data
ically infected (sys.) leaves, or their equivalent, were resolved by agar-show conclusively that the primary sequences of the BL1
ose gel electrophoresis and Southern blotting. The blots were hybrid-or BR1 proteins do not account for the lack of symptoms
ized sequentially to probes specific for either the BGMV A (left) or B
associated with wild-type BGMV infection of N. ben- (right) components. The B component-specific probe hybridizes equally
thamiana. to BGMV DNA B and all of the BGMV-based hybrids, but not to BGMV
A. The positions of viral open–circular (oc) and supercoiled (sc) dsDNAThe BGMV-based hybrid with both TGMV B ORFs (BT-
forms and ssDNA (ss) are indicated. The bracket indicates the positionsLR) was also infectious to N. benthamiana and, unlike
of DNA B-derived, but otherwise uncharacterized, subgenomic (sg)wild-type BGMV, it elicited the formation of small, pale
DNA forms in extracts from inoculated leaves. Comparisons can be
yellow lesions on inoculated leaves. However, leaves drawn between hybrids and wild-type controls within each panel, but
which were systemically infected by BT-LR remained the panels cannot be compared directly because the probe specific
activities and/or exposure times differ.asymptomatic. The symptoms on inoculated leaves were
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Genetic evidence that an interaction between B tion of DNA B ORFs cannot by itself be responsible for
this phenotype, because TB-R can accumulate in bothcomponent proteins is required for bipartite
geminivirus movement inoculated and systemically infected leaves. Collectively,
these data indicate that hybrid viruses with the heterolo-
The analysis of DNA B hybrids with heterologous com- gous combination of TGMV BL1 and BGMV BR1 ORFs
binations of BL1 and BR1 ORFs revealed that each was are dysfunctional when assayed in N. benthamiana, as
at least partially defective when assayed in N. benthami- well as in beans. It is interesting that hybrid viruses with
ana. Hybrids with the combination of BGMV BL1 and the combination of BGMV BL1 and TGMV BR1 ORFs (TB-
TGMV BR1 in either viral background (TB-L and BT-R) L and BT-R) are viable, whereas those with the combina-
produced systemic infections. As noted above, TB-L in- tion of TGMV BL1 and BGMV BR1 ORFs (TB-R and BT-
fections were symptomatic, although the symptoms were L) are severely defective. Since these phenotypes are
slightly milder than those elicited by the TGMV hybrid observed regardless of the host or viral background, it
with both BGMV ORFs (TB-LR). In contrast, infections by is likely that they reflect a specific interaction between
BT-R, like those of wild-type BGMV, were asymptomatic. the BL1 and BR1 genes. Such an interaction was also
In inoculated N. benthamiana leaves, the hybrid TB-L predicted by von Arnim and Stanley (1992), from the anal-
DNA accumulated to lower levels than did TB-LR (6/6 ysis of complementation between recombinant ACMV
plants analyzed) (Fig. 3, and data not shown), and BT-R DNA A derivatives, and more recently by Sanderfoot and
DNA accumulated to lower levels than wild-type BGMV Lazarowitz (1995), based on the ability of SqLCV BL1 to
DNA B (6/6 plants analyzed) (Fig. 4, and data not shown). alter the intracellular localization of BR1.
When assayed at 10 dpi, the same trend was observed Although the phenotypes of DNA B hybrids with heter-
in systemically infected leaves (data not shown), al- ologous combinations of BL1 and BR1 ORFs are consis-
though by 14 dpi the differences in the levels of DNA tent with a defective interaction between the BL1 and
accumulation in systemically infected leaves were slight BR1 proteins, a cis-acting defect in the hybrid genomes
(Figs. 3 and 4, and data not shown). could also account for the observations. It has previously
As described above, DNA B hybrids with the combina- been shown that frameshift mutations in either the BL1
tion of TGMV BL1 and BGMV BR1 ORFs in either viral or the BR1 ORFs of TGMV prevent systemic infection of
background (TB-R and BT-L) were noninfectious when N. benthamiana and, when co-inoculated, the mutants
assayed on beans (Table 1). These hybrids also had can complement each other in trans (Brough et al., 1988).
severely defective phenotypes when assayed on N. ben- We constructed similar bl1 and br1 mutants of BGMV
thamiana. Neither produced symptoms on inoculated and tested their ability to infect N. benthamiana. As ob-
plants. Unlike the other hybrids, the accumulation of viral served for the TGMV controls, neither BGMV mutant was
DNA was extremely variable in both inoculated and sys- infectious when inoculated alone, but viral DNA could
temically infected leaves, or their equivalent. In infections be detected in the upper, uninoculated leaves when the
by TB-R, the levels of DNA A and DNA B accumulation mutants were co-inoculated (Fig. 5). Thus, as expected,
were low (3/6 plants analyzed) or undetectable (3/6 frameshift mutations in either the BL1 or the BR1 ORFs
plants analyzed) in inoculated leaves after long exposure prevent systemic infection of N. benthamiana by BGMV,
of Southern blots (Fig. 3, and data not shown). In upper, and the bl1 and br1 mutants can complement each other.
uninoculated leaves, levels of DNA accumulation were We next tested whether a TGMV bl1 mutant could be
also typically low or undetectable (8/10 plants analyzed). complemented for systemic infection by a BGMV br1 mu-
However, in 2/10 plants analyzed, the levels of both DNA tant and whether a BGMV bl1 mutant could be comple-
components were similar to those achieved by the other mented by a TGMV br1 mutant. Since the A components
TGMV-based hybrids. In contrast to the other TGMV- of TGMV and BGMV will not replicate the heterologous
based hybrids, no subgenomic, defective DNA species B component, both A components were included in the
were detected in these TB-R infections (data not shown). inocula for these experiments. None of the plants inocu-
This observation is consistent with the involvement of a lated with the heterologous mutant combinations exhib-
rare event in establishing the infections, such as selec- ited symptoms of infection. However, Southern hybridiza-
tion of compensatory mutations in planta. Further experi- tion analysis revealed that viral DNA accumulated effi-
mentation will be required to address this possibility. In ciently in the upper leaves of plants inoculated with the
infections by the BGMV-based hybrid BT-L, the levels of TGMV bl1 plus BGMV br1 mutants, but not in those inocu-
DNA A and DNA B accumulation in inoculated leaves lated with BGMV bl1 plus TGMV br1 (Fig. 5). As seen for
were also low or undetectable (6/6 plants analyzed) (Fig. DNA B hybrids with the TGMV BL1 and BGMV BR1 ORFs,
4, and data not shown). Low and variable levels of DNA a low level of DNA A accumulated in the upper leaves
A accumulated in upper leaves of 3/10 plants inoculated of plants which were inoculated with the BGMV bl1 plus
with BT-L, but the hybrid DNA B was not detected in any TGMV br1 mutants (Fig. 5), but DNA B was not detected
case (data not shown). Although BT-L apparently has a (data not shown). Since each of the bl1 and br1 mutants
used in these experiments can be complemented forspecific defect in systemic virus movement, the combina-
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mented in trans by the TGMV A component and further
complemented by mixed infection with the complete
TGMV genome (Petty et al., 1995). Taken together with
the previous study, the results presented here suggest
that both genome components may contribute to the poor
adaptation of BGMV to N. benthamiana. In contrast to
the relatively minor host-specific adaptations revealed
by these experiments, we found that the BL1 and BR1
proteins are significantly adapted to each other. In partic-
ular, the functional interaction between TGMV BL1 and
BGMV BR1 is severely compromised regardless of the
host or viral background. Thus, either TGMV BL1 is un-
able to interact with BGMV BR1 or the interaction of these
proteins is nonproductive with respect to virus move-
ment. Interestingly, the reciprocal protein combination
FIG. 5. Complementation between DNA B frameshift mutants of does not exhibit similarly impaired function. Future struc-
BGMV and TGMV in N. benthamiana. Pairs of plants were inoculated tural and functional models for the bipartite geminivirus
with plasmids containing br1 or bl1 mutant or wild-type (wt) B compo-
DNA B-encoded proteins will need to accommodatenents of BGMV (B) or TGMV (T) in the combinations shown (0 indicates
these observations.that a particular mutant or wild-type DNA B was not included). In addi-
tion to single or double combinations of DNA B-containing plasmids,
inocula also included BGMV A (BA)- or TGMV A (TA)-containing plas-
ACKNOWLEDGMENTSmids, or both (/ indicates that the given plasmid was present in the
inoculum). Aliquots of total nucleic acids (10 mg of each, except 2.5 mg
We thank Arthur Weissinger for the use of his gene gun, and Keithfor wild-type TGMV samples in the rightmost lanes), extracted at 14
Everett for oligonucleotide synthesis. We are grateful to Dave Dickey fordpi from upper, uninoculated leaves, were resolved by agarose gel
advice on statistics and to Donna Cookmeyer for helpful discussions.electrophoresis and Southern blotting. The blot was hybridized sequen-
Thanks also to Steve Lommel and Bill Gillette for their comments ontially to probes specific for the A components of BGMV (BA) or TGMV
the manuscript. Geminivirus-infected plants were maintained in the(TA), as shown to the right of each panel. The signal intensities cannot
South Eastern Plant Environment Laboratory at NCSU. C.G.M. was inbe directly compared between the two panels because the probe spe-
receipt of an R. J. Reynolds research assistantship supplement. Thiscific activities and exposure times differ.
work was supported in part by the NC Agricultural Research Service
and by Public Health Service Grant GM-48067.
systemic infection by its homologous partner, the failure
REFERENCESof the heterologous combination of BGMV bl1 plus TGMV
br1 to complement efficiently cannot be due to cis-acting
Boulton, M. I., King, D. I., Donson, J., and Davies, J. W. (1991). Point
defects in either of the mutant DNAs. Instead, the data substitutions in a promoter-like region and the V1 gene affect the
suggest that trans-acting functions supplied by BGMV host range and symptoms of maize streak virus. Virology 183, 114–
121.and TGMV DNA B need to be compatible. These experi-
Brough, C. L., Hayes, R. J., Morgan, A. J., Coutts, R. H. A., and Buck,ments with hybrid viruses and complementing DNA B
K. W. (1988). Effects of mutagenesis in vitro on the ability of clonedmutants, which are competent for coat protein produc-
tomato golden mosaic virus DNA to infect Nicotiana benthamiana
tion, confirm and extend the observations of von Arnim plants. J. Gen. Virol. 69, 503–514.
and Stanley (1992). The results are consistent with an Carrington, J. C., and Morris, T. J. (1984). Complementary DNA cloning
and analysis of carnation mottle virus RNA. Virology 139, 22–31.interaction between the BL1 and BR1 proteins being re-
De Jong, W., and Ahlquist, P. (1992). A hybrid plant RNA virus made byquired for efficient local and systemic movement of bipar-
transferring the noncapsid movement protein from a rod-shaped totite geminiviruses. In addition, we have shown that the
an icosahedral virus is competent for systemic infection. Proc. Natl.
BL1 and BR1 proteins of closely related New World gemi- Acad. Sci. USA 89, 6808–6812.
niviruses may, or may not, exhibit incompatibility. Further Fontes, E. P. B., Gladfelter, H. J., Schaffer, R. L., Petty, I. T. D., and
Hanley-Bowdoin, L. (1994). Geminivirus replication origins have aexperimentation will be required to define the compatibil-
modular organization. Plant Cell 6, 405–416.ity determinants.
Frischmuth, T., and Stanley, J. (1991). African cassava mosaic virus DIIn conclusion, we have shown through the analysis of
DNA interferes with the replication of both genomic components.
hybrid viruses that the host-specific defects of TGMV in Virology 183, 539–544.
bean, and BGMV in N. benthamiana, are not primarily Giesman-Cookmeyer, D., Silver, S., Vaewhongs, A. A., Lommel, S. A.,
and Deom, C. M. (1995). Tobamovirus and dianthovirus movementdue to the sequences of DNA B-encoded proteins. These
proteins are functionally homologous. Virology 213, 38–45.data are in agreement with previous complementation
Haley, A., Richardson, K., Zhan, X., and Morris, B. (1995). Mutagenesisexperiments which suggested that TGMV has a cis-act-
of the BC1 and BV1 genes of African cassava mosaic virus identifies
ing or virus-specific trans-acting defect in beans (Petty conserved amino acids that are essential for spread. J. Gen. Virol.
et al., 1995). In contrast, the BGMV DNA accumulation 76, 1291–1298.
Ingham, D. J., and Lazarowitz, S. G. (1993). A single missense mutationdefect in N. benthamiana could be partially comple-
/ m4655f7607 11-15-95 09:33:47 vira AP-Virology
338 SCHAFFER, MILLER, AND PETTY
in the BR1 movement protein alters the host range of the squash binds single-stranded DNA and localizes to the cell nucleus. Plant
Cell 6, 995–1006.leaf curl geminivirus. Virology 196, 694–702.
Ingham, D. J., Pascal, E., and Lazarowitz, S. G. (1995). Both bipartite Petty, I. T. D., Hunter, B. G., Wei, N., and Jackson, A. O. (1989). Infectious
barley stripe mosaic virus RNA transcribed in vitro from full-lengthgeminivirus movement proteins define viral host range, but only BL1
determines viral pathogenicity. Virology 207, 191–204. genomic cDNA clones. Virology 171, 342–349.
Petty, I. T. D., Miller, C. G., Meade-Hash, T. J., and Schaffer, R. L. (1995).Kunkel, T. (1985). Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. USA 82, 488–492. Complementable and noncomplementable host adaptation defects
in bipartite geminiviruses. Virology 212, 263–267.Lazarowitz, S. G. (1992). Geminiviruses: Genome structure and gene
function. Crit. Rev. Plant Sci. 11, 327–349. Qiu, S. G., and Schoelz, J. E. (1992). Three regions of cauliflower mosaic
virus strain W260 are involved in systemic infection of solanaceousMacDowell, S. W., Coutts, R. H. A., and Buck, K. W. (1986). Molecular
characterisation of subgenomic single-stranded and double- hosts. Virology 190, 773–782.
Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989). ‘‘Molecular Cloning:stranded DNA forms isolated from plants infected with tomato golden
mosaic virus. Nucleic Acids Res. 14, 7967–7984. A Laboratory Manual,’’ 2nd ed. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY.Mise, K., Allison, R. F., Janda, M., and Ahlquist, P. (1993). Bromovirus
movement proteins play a crucial role in host specificity. J. Virol. 67, Sanderfoot, A. A., and Lazarowitz, S. G. (1995). Cooperation in viral
movement: the geminivirus BL1 movement protein interacts with BR12815–2823.
Murphy, F. A., Fauquet, C. M., Bishop, D. H. L., Ghabrial, S. A., Jarvis, and redirects it from the nucleus to the cell periphery. Plant Cell 7,
1185–1194.A. W., Martelli, G. P., Mayo, M. A., and Summers, M. D., Eds. (1995).
Virus taxonomy. Arch. Virol. Suppl. 10. Schaffer, R. L. (1992). ‘‘Host Range Determination of Geminiviruses.’’
M.S. Thesis, North Carolina State University, Raleigh.Nejidat, A., Cellier, F., Holt, C. A., Gafny, R., Eggenberger, A. L., and
Beachy, R. N. (1991). Transfer of the movement protein gene between Stanley, J. (1991). The molecular determinants of geminivirus pathogen-
esis. Semin. Virol. 2, 139–149.two tobamoviruses: Influence on local lesion development. Virology
180, 318–326. von Arnim, A., and Stanley, J. (1992). Inhibition of African cassava mo-
saic virus systemic infection by a movement protein from the relatedNoueiry, A. O., Lucas, W. J., and Gilbertson, R. L. (1994). Two proteins
of a plant DNA virus coordinate nuclear and plasmodesmal transport. geminivirus tomato golden mosaic virus. Virology 187, 555–564.
von Arnim, A., Frischmuth, T., and Stanley, J. (1993). Detection andCell 76, 925–932.
Pascal, E., Sanderfoot, A. A., Ward, B. M., Medville, R., Turgeon, R., and possible functions of African cassava mosaic virus DNA B gene
products. Virology 192, 264–272.Lazarowitz, S. G. (1994). The geminivirus BR1 movement protein
/ m4655f7607 11-15-95 09:33:47 vira AP-Virology
